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ABSTRACT

Mode | fatigue crack growth behaviour was experimentally investigated under
constant and following the application of a single spike overload. Different specimen
thicknesses were investigated at different overload ratios. A previously developed
crack tip deformation model to correlate fatigue crack growth behaviour following ' -a
single overload cycle was used to correlate that behaviour for different specimen
thicknesses. It was found that the effect of specimen thickness on the fatigue crack
growth. behaviour under constant amplitude of loading is marginal especially at
growth rates greater than 10 mm/cycle. The retardation due to the application of a
tensile single overload decreases with the increase in specimen thickness. Good
agreement between relevant experimental results and those predicted using three
dimensional crack tip deformation parameter was found.
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INTRODUCTION

The process of fatigue crack propagation is complicated by the influence of many
mutually interdependent factors, such as methods of loading, environmental
conditions and the composition of materials. Cracks contained within structures show
a high degree of triaxiality in the vicinity of their fronts. The load carrying capacity of
those structures has been assessed, in most cases, with fracture mechanics
concepts assuming simplifications relevant to their stress-deformation state.

To understand the scale shifting effects from laboratory specimens to the structure
components, it is imperative to know the effect of the specimen thicknesses on the
fatigue crack growth, FCG, behaviour under different loading patterns. A survey of
some limited experimental data available in the literature concerning the effect of
increasing the thickness on FCG due to constant amplitude loading, CAL, indicates a
disagreement and the three contradictory conclusions of (a) no effect at all {1], (b) an
accelerated growth with a high degree of plane strain [2,3] and (c) a reduced growth
rate [4] have been documented. The results available so far suggest that such
effects could be dependent on the material, the loading conditions and the
investigated range of growth rates.

For the fatigue design of structures, the crack propagation stage is of greatest
significance since it accounts for the majority of the fatigue life. However, such a
design is frequently carried out by making use of constant amplitude fatigue data.
Most structural members and machine components are subjected to varying
amplitude loading, VAL, having either a regular or random pattern. Depending on
the change in the applied stress level, the fatigue life of the structures under this
latter stress may be increased or decreased.

Although the effect of specimen thickness on the FCG behaviour following a single
overioad was experimentally investigated [5], no attempts had been made to
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correlate this behaviour and take into consideration the effect of thickness. An
understanding and correlating of this behaviour is required in order that an adequate
account can be taken of the variable amplitude response of many components and
structures in engineering critical assessments and residual life estimations.

The objectives of the present work are to experimentally investigate the effect of
specimen thickness on the FCG behaviour under constant amplitude loading and
following the application of a single overload. Moreover, the effect of overload ratio,
OLR = overload stress/ base load stress, is also investigated. Finally, the capability
of the crack tip deformation parameter, CTDP, to describe the effect of specimen
thicknesses on FCG behaviour under CAL and that following the application of a
single peak tensile overload, SOL, was examined.

EXPERIMENTAL WORK

An experimental program with the parameters listed in Table 1 was designed to
demonstrate the effect of the specimen thickness on the FCG behaviour under CAL
and that following the application of SOL. The material used in this study was a
' commercial aluminum. The material was supplied in the form of plates with different
thicknesses and was tested in the “as-received” conditions. The material had E = 68
GPa , an ultimate tensile strength of 160 MPa and 0.2 % .‘proof stress = 100 MPa.
The chemical composition in mass percentage was 0.13 % S, 0.09 % P, 0.025 %
Mn, 0.03 % Ni, 0.05 % Cr, 0.25 % Cu, 0.16 % Ti, 0.035 %Sn and balance Al.

The plates had the final dimensions of 150 mm x 40 mm x 2t mm with a starter
edge notch machined to a depth of a, and a tip radius of 0.4 mm at the mid-section
along the width with the avoidance of residual stresses. The specimens were cut so
as to have their longitudinal direction coincident with the rolling direction. The surface
of one side of the specimens was polished along the expected path of .cracking. The
tests were performed in laboratory ambient conditions with controlled sinusoidal
constant amplitude pulsating loads at a frequency of 25 Hz under the load control
condition on a servo-hydraulic MTS universal machine. All tests were carried out at
zero stress ratio. The transient cycle was applied monotonically. The crack length
prior to the application of this transient cycle, arrg, is indicated in Table 1.
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Table 1. The experimental program in the present work

Specimen Initial crack Base load
thickness, 2t Length, a, arRc stress, MPa | OLR

3 mm 6.50 mm 39

6 3.65 39

10 4.25 43

16 7.50 33

19 7.00 30

6 3.25 4.1 mm 38 1.50
6 3.75 49 39 1.75
3 2.50 3.5 30 2

6 3.65 5.1 41 2
10 4.25 4.7 51 2

The crack length was monitored by a traveling microscope with a magnification of
100. Data of crack length against the corresponding number of cycles were obtained.
Analyses were performed for fatigue cracks having their tips lying outside the
monotonic plastic zone generated originally at the root of the starter notch which was
estimated for the base load preceding the application of the transient cycle. FCG
rates were calculated from each pair of successive data using the finite difference
method. The mode | stress intensity factor, SIF, range, AK; , was calculated for a/w

< 0.6 from [6]
AK;= Ao w®® [1,.99(a/w)®-0.41(a/w)'® +18.7 (a/w)?® -38.48(2/w)** +53.85(a/w)*°] [1]

where Ao is the applied stress range, a is the current crack length and w is the width
of the specimen.

RESULTS AND DISCUSSION
Constant Amplitude Loading
FCG rates, da/dN, and SIF range, AK, for the different specimen thicknesses are

presented in Fig. 1. The figure reveals that the crack grows faster at a higher degree
of plane strain. i.e. in the thicker specimens at low growth rates. A similar increase in
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growth rates with increasing thickness was reported by Kang and Liu [2]. However at
higher growth rates, the situation appears to change distinctly, and the effect of
thickness is only marginal.

Hammouda and Sallam [7] proposed a parameter based on the deformation
accommodated ahead of the crack tip, CTDP, to correlate FCG data in the form:

0.5

* AS [2]

5
cTDoP=(2:| =2
)

T

where &s and & are respectively the maximum crack tip opening displacement of
stationary and propagating cracks, Ad is the cyclic crack tip opening displacement
and Y is the corresponding geometry correction factor. The details estimating of ds, O
and Ad is presented in [7]. This parameter was obtained based on two dimensional,
2-D, plane stress analysis. The present FCG data for different specimen thicknesses
subjected to CAL were correlated by this parameter as shown in Fig. 2.

A modification of the CTDP was proposed by Hammouda et al [8] to be utilised for
three dimensional, 3-D, analyses by multiplying this parameter by a factor Fa. The
factor F3 represents the ratio of the crack tip deformation from 3-D analysis to its
correspondence from 2-D analysis and given by F;F,,

Fr=1-ae ™ .y(z) ™M 3]
Fo=1- O [1 - u@?] [1- @)1 A #/0) 4 @py?e® [4]
where

M= Am2n/t,

M1= M,

A ='Y M0.35/ (ajb)os ,
B = -n M¥[(a/b)*® (b/t)*],

Amz.p is the monotonic plastic zone estimated from two dimensional analysis and z/t
represents the location along the crack front and a and b are respectively the height
and the base of a triangular slit symmetrically made along the main through-
thickness stationary crack having a straight front, TSSF.
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Table 2. Constants for equations 3 and 4

3 Fz

Ams | Adss | Am Ads
0.6 {0.22] 0.8 ] 0.8
292 10.75]11.76 | 2.88
273 [0.86] 2.5 1
-0.25 10.11 [ 0.84 | 0.64
1.1 0.8 10.75] 0.75

>P>RIEB|IR

The ratio of the Ams and Adss along the front of the TSSF to the corresponding value
from 2-D plane stress analysis, i.e. Amz.p and Adsz.p, is F1 . The factor F2 is the ratio
of Am and Ads along the front of stationary cracks to the corresponding values of a
TSSF at the same local crack depth Ams and Adss . The factor Fz is geometry
dependent since it accommodates the effect of the plate thickness and the shape of
the crack front. Each of the functions Fy and F, contains five fit parameters to reflect

the effect of the applied load, the plate thickness and the geometry of the criack front
on the local values of both factors.

A correlation of FCG data using the CTDP x F3 is shown in Fig. 3. The correlation
was made for FCG on the specimen surface, i.e. z/t = 1, in the equations of F1 and
F2. The data in Figs. 2 and 3 indicate that there is no significant éffect_ of specimen
thickness on FCG behaviour in the case of CAL especially at higher growth rates.
Further, the increase in the specimen thickness leads to an increase in the di‘Fferera_c:e
between the correlations made by the present 2-D and 3-D analyses. |

The effect of specimen thickness on FCG has been investigated by many workers. It
has often been associated with the state of stress and strain at the crack tip [9]. It is
known that a transition from plane strain to plane stress occurs when the size of the
crack-tip zone reaches a certain proportion of the specimen thickness and that this
transition distinctly affects FCG rates. Unfortunately, it is not easy to generalize
since, reports indicating no effects [10], positive [11] and negative [9] influence have
been recorded. Thus, plane stress-strain transition does not conclusively explain the
change in crack growth rates.

From the view point of closure, Schijve [12] stated that the increase in specimen
thickness leads to a relatively smaller part of the crack front in plane stress and
consequently less effective crack closure. Whether this should fully account for faster
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crack growth in thicker materials is doubtful because the thickness effect on cracking
rate is also observed if the closure stress is less than the minimum stress.

Single Tensile Overload

FCG behaviour for two plates thickness, i.e. 2t= 6 mm, and 10 mm following the
application of a single tensile overload is illustrated in Fig. 4. The overload ratio in the
two cases is 2. It is clear from this figure that the amount of crack growth retardation
increases as the plate thickness decreases. Those results confirm with the
experimental results on a BS 4360 Grade 50D carbon-manganese structural steel
obtained by Shuter and Geary [14].

The CTDP in equation 2 was used to predict FCG behaviour following the application
of SOL. The prediction was based on either 2-D or 3-D analysis. In the two cases, an
expression in the following form was used to describe the behaviour of the cyclic
crack tip opening displacement following the application of a SOL:

Ad _ 1+(A+___-E__)e-af(1-(da/am)) (5]
AaBasen 1"(da/am)

where A, B and o are constants for loading block determined from the limiting
conditions of this equation, da is the incremental crack tip advance and am is the
length of the retardation period as detailed in [13].

In the 2-D case, the constants A, B, and a appearing in equation 5 were calculated in
the plane stress condition [7]. In the case of 3-D prediction, these parameters were
estimated taking into consideration the effect of crack front shape and plate
thickness using F; and F2 with the constants of A, given in Table 2. The predictions
through this concept are illustrated in Figs. 4 and 5 respectively for the present 2-D
and 3-D situations.

The data in Fig. 4 show that the difference between the experimental and the
prediction is relatively small for a plate thickness of 6 mm. In the case of specimen of
10 mm thick the difference increases. The used 2-D model [13] is based on the
plane stress condition and this is not the case of thick specimeri. This explains the
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large difference between the experimental and prediction in this latter case.
Comparison between the experimental results and the prediction using the three
dimensional analysis is presented in Fig. 5. The figure illustrates that that ditference
is small compared with the prediction of the 2-D analysis particularly for the
specimens of 10 mm thick.

The increase in retardation with decreasing plate thickness were also observed in a
2024-T3 aluminum alloy [15] and were attributed to enhanced residual stresses and
crack surface interference. Enhanced residual stresses in the overload plastic zone
were thought to account for the reduction in retardation with specimen thickness in a
low-alloy pressure vessel steel and a high -strength corrosion resistant steel [16].

The FCG rate response to a single overload on thick specimen varies in the
thickness directions [5]. At the center of thick specimens the FCG rates adopt higher
value than at its surface or along the hole thickness of thin specimen. The present
correlation indicating that the calculated overload plastic zone at the surface to be
intermediate between the plane stress and plane strain values. At the center of thick
specimen the plastic zone was close to the calculated plane strain plastic zone.

The effect of a single peak tensile overload ratio, OLR: on the subsequent FCG
behaviour is illustrated in Fig. 6 together with the corresponding correlation due to
the 2-D CTDP. The illustrated results are for the specimens 6 mm thick at OLR of
1.5,1.75 and 2. It is clear from this figure that the rate of FCG at the base load
preceding the overload, i.e. a< arrc, is controlled by the SIF range through the well-
known Paris expression. At the base load following the overload, BLF, a retardation
in FCG took place to reach a minimum rate, at a certain crack length. As the crack
tip advanced further, a continuous increase in the rates resulted in up to a crack

length at which the rate started to match the basic FCG characteristics for the
corresponding BLF.

With increasing the OLR, a significant increase in the amount of delay is observed.
A similar observation was reported by other researchers [17-20). For specified BLP
and BLF, an increase in the OLR leads to a corresponding increase in the axtent of
the monotonic and cyclic crack tip plastic zones. The former extent is reéponsible
for a blunter crack tip and more residual compressive stresses left on the crack
surface behind the crack tip enhancing crack tip closure and resulting in a
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corresponding decrease in the crack tip deformation taking place in the course of the
cycles following the overload [21-22].

CONCLUSIONS

The FCG behaviour of the tested specimens under CAL and single overloading
patterns revealed the following conclusions:

1- Under constant amplitude loading there is no significant effect of the specimen
thickness on the FCG behaviour especially at high growth rates.

2- The increase in the specimen thickness decreases the amount of retardation
following the application of a single overload.

3- For a specified base load, an increase in the overload ratio leads to an increase in
the retardation in the FCG rate under the constant amplitude load.

4- Good agreement between experimental FCG data following the application of a
single overload and that obtained from 3-D crack tip deformation parameter was

~ found especially for thick specimens.
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